In order to determine the influence of the silicon chip substrate on measurement fidelity in a silicon MEMS microextensometer, finite element modeling of strain transfer efficiency from a steel beam through a bond layer and silicon chip is investigated over a range of chip and steel beam geometries under both axial and pure bending load conditions. The finite element model results are verified against experimental data. An analytical model that incorporates both influence of the bonded substrate on the effective load and shear-lag phenomenon in the bond is developed and is shown to compare favorably to the finite element model over a wide range of chip and beam geometries. Based on these results, a partially-trenched silicon chip is also investigated as an alternate means of locally enhancing the strain transfer to the micro-extensometer without compromising the ability of the substrate to act as part of the encapsulation of moving elements of the micro-extensometer from the environment. The partiallytrenched substrate in bending is experimentally shown to generate strains that are 118% of the strain applied to the substrate-a 23% percent improvement over the equivalent unpatterned substrate geometry.
NOMENCLATURE
A cross-section area w width l length h thickness E Young's modulus G shear modulus I area moment of inertia M bending moment F axial force ε axial strain Λ applied axial strain γ shear strain σ axial stress τ shear stress ψ axial stiffness ratio Γ bond quality parameter Subscripts b strained beam reference s sensor substrate reference a adhesive (bond) reference Superscripts o layer neutral axis reference a adhesive interface reference -a free surface reference
INTRODUCTION
Unlike conventional metal foil strain gages that rely partially on the piezoresistive effect to determine strain in the base material to which it is bonded, extensometers measure displacements over a fixed gage length and convert the displacement to an electrical signal typically through a change in capacitance [1] or resonant frequency [2] , which both tend to be detectable to a higher degree of resolution than a change in resistance. MEMS micro-extensometers have been developed for applications requiring very small gage lengths yet high strain resolution and are particularly suited for monitoring very stiff structures with regions of highly localized stress. However, these extensometers are generally fabricated out of silicon: this requires a substrate that can withstand the high temperatures encountered during the fabrication process. Hence, these micro-extensometers are generally produced on silicon substrates, which are much stiffer and thicker than the polyimide substrate typical of metal foil strain gages.
Modeling the influence of the substrate stiffness in strain gage measurements was first explored for the case of metal foil strain gages bonded to very soft materials such as nylon [3, 4] . However, these studies ignored the possibility that the gage may actually influence the overall load condition of the beam to which it is attached. Later, work on "smart structures" lead to modeling the ability of a bonded piezoelectric element to induce forces on the beam [5, 6] . These models only consider the case of symmetric (paired) actuator configurations. These models were expanded to include non-symmetric actuator configurations [7] ; however, the lack of symmetry on the effective load condition local to the bonded substrate is neglected. Revised models that include this effect are presented that more closely model strain transfer over a wide range of substrate and beam thicknesses for both axial and pure bending load conditions.
In this paper, we focus on two modifications that could minimize strain loss through the silicon substrate without compromising its integrity so that a chip-or wafer-level encapsulation can be subsequently implemented: thinning the silicon substrate through polishing and partially trenching the substrate. This type of encapsulation solution helps minimize the overall sensor footprint by eliminating the need for a subsequent lid that must cover the entire sensor die without itself aliasing the strain transmitted to the sensor. We develop an analytical model to understand the influence of the unpatterned silicon substrate and beam geometry and material properties. The model accuracy is verified by comparison to a finite element model and experimental data. Then we analyze a particular design for a partially-trenched substrate. Figure 1 shows a schematic of a substrate bonded on to a beam through a finite adhesive layer. We will present two models of strain transmission for such a structure: one by treating the entire structure as a composite beam using the Bernoulli-Euler beam theory and the second through coupled equilibrium equations for each section of the structure using the single gradient shear lag model.
ANALYTICAL MODELS

Bernoulli-Euler Composite Beam Model
From Bernoulli-Euler beam theory, the axial and bending strains for a single homogenous beam are: For a composite beam, the strains are likewise given by (1) , but the stiffness terms are replaced with equivalent stiffness terms:
Assuming each section of the composite beam is a rectangular prism, the integral equations may be written in summation form:
Equation (1) may likewise be used to compute the strain transfer in the case of pure bending, but for the case of nonsymmetric axial loading of a beam with a single substrate attached (Fig. 2) , the section with the substrate attached can be considered a composite beam attached to two uniform beams. The asymmetry leads to a shift in the neutral axis, which generates a moment on the composite section. This induced moment is given by:
Substituting (5) into (1) and assuming small strains so that superposition is valid, the strain at a given point in z of the composite region is given by: ( )
Single Gradient Shear Lag Model While the Bernoulli-Euler composite beam theory captures the strain transfer well when a stiff adhesive is used, it fails to describe the loss of strain through shear, which is significant for soft adhesives. A modified shear lag model that assumes a linear strain profile through the beam and constant strain profile through the substrate (Fig. 3) is developed for the asymmetric substrate case by Park, et al. [7] . Through force and moment balance for substrate and beam and assuming the adhesive layer can only support shear forces results in the following set of governing differential equations:
This single gradient shear lag model results in the following set of solutions:
). The coefficients in (8) are given by the boundary conditions. Because this is a free surface, the boundary strain of the substrate is zero:
The boundary strain for the beam will depend on the loading condition; however, so long as they are non-trivial values, then (8) takes the following form: The method used by Park, et al. is to equate the boundary conditions through the beam to the applied far field strain. Thus, for the case of axial loading, the boundary conditions for the beam are:
while for the case of an applied bending load, they are:
In order to include the effect of the asymmetric composite beam section on the effective loading, we modify the boundary condition to be consistent with the Bernoulli-Euler model presented above. So for the case of an axial load, the shift in the neutral axis when transitioning from the uniform beam region to the composite beam region induces a moment given by:
where Λ F is the applied axial force and is related to the applied strain, Λ , by the constitutive relations for an isotropic, linear elastic material: This induced moment can be used to derive the strains in the beam at the boundary of the composite beam section by equating it to the resistive moment of a composite beam:
Equating (14) to (16) and recognizing that the neutral axis strain, ( )
, is simply the applied strain, Λ , one can then solve for the strain in the beam at its centroid:
Because of the assumption that the strain is a linear function of z, the boundary strain at the beam-adhesive interface is easily calculated:
For the case when a pure bending moment is applied:
In this case, equate the applied moment, (19), to (16); however, for this loading case, there is no strain at the neutral axis. Therefore, the boundary strains for pure bending are: 
where Λ in this case is defined as the far field strain on the top surface of the beam, away from the composite beam section.
NUMERICAL MODEL
For comparison, we constructed a finite element solid model using ANSYS 5.7 (ANSYS, Canonsburg, PA). The model consists of a mapped hexahedral mesh of Solid 64 elements. A quarter-model is used, taking advantage of geometric and load symmetries. The model contains a steel beam with a silicon die and adhesive layer bonded to the center of the beam.
Strain transfer is modeled over a wide range of silicon substrate and beam thicknesses as well as a couple beam and substrate widths. Two load conditions were simulated: axial tension (Fig. 4) and four-point bending (Fig. 5) . In these figures, each point represents the average strain over the center 50% length and 50% width region of the die, which for the 1 cm 2 die is equivalent to the gage area of the metal foil strain gages used in the experiments. For the unpatterned substrate models, the substrate is always taken to be square. The substrate widths are representative of standard sizes for dicing silicon wafers into chips, 5 mm and 10 mm. Likewise, the substrate thicknesses investigated are within the range of standard or polished silicon wafer thicknesses. Material models that approximate tin-lead solder as well as high strength strain gage epoxy were defined for the adhesive layer. Adhesive thicknesses were obtained from measurements of the adhesive layers on the experimental samples using an AS200 surface profilometer (KLA-Tencor, San Jose, CA). The epoxy has an average cured thickness of 20 µm while the tin-lead solder has an average thickness of 40 µm.
For the partially-trenched substrate model, a width of 7.5 mm and length of 10 mm was simulated over a range of trench depths and lengths. In all models the trench was assumed to cut all the way across the width of the substrate (Fig. 6) . Only a trapezoidal profile, as one could fabricate using a KOH silicon etch, were simulated in the current work.
EXPERIMENTAL SETUP
In order to verify the models, we conducted a series of simple experiments to measure the strain transfer efficiency through silicon dice of different thickness-to-length ratios (250, 550 and 785 µm thick). Dice are 1 cm 2 squares. These silicon dice were bonded to 6 mm thick steel samples using both tinlead solder and M-Bond 610 adhesive (Vishay MicroMeasurements, Raleigh, NC). Details of the tin-lead solder sample preparation and bonding process can be found in [8] . Details of the M-Bond 610 adhesive sample preparation and bonding process can be found in [9] , where a cure temperature of 175 °C for 1 hour was used. L2A-06-125LW-350, metal foil strain gages (Vishay Micro-Measurements, Raleigh, NC) were bonded to the top of the silicon dice, also using M-Bond 610 adhesive.
These samples were then loaded into a four-point bending test jig. Loads were applied using an Instron 5583 Universal Materials Testing Machine and recorded using Merlin interface software (Instron Corp., Norwood, MA). Center deflection of the steel sample was measured using an ASP-20-ILA capacitive displacement sensor and AS-9000-1 amplifier (MTI Instruments, Albany, NY). Each metal foil strain gage was connected to a 2120A Strain Gage Conditioner and Amplifier (Vishay Micro-Measurements, Raleigh, NC) using a three-wire connection in a quarter-bridge configuration. Deflection and strain gage measurements were recorded using LabVIEW 5.0 (National Instruments, Austin, TX). Figure 7 plots the numerical model prediction for strain transfer to the top of the silicon substrate under bending load conditions for various substrate thicknesses against experimental data. These experimental measurements verify the accuracy of the finite element model. However, it is interesting to note that for all the experimental conditions, the level of normalized strain decreases as the magnitude of the applied strain increases. This is not seen in the finite element model and will be investigated further in the future. Figure 8 plots the center 50% region average of strain normalized to the expected strain level (if the substrate and adhesive were not present) as a function of z for the analytical and numerical models. This figure is for the case when a 785 µm thick, 1 cm wide silicon die is bonded to a 9.4 mm thick, 25 mm wide steel beam using epoxy. This figure also includes, for comparison, a curve for the single gradient model using the bondary conditions developed by Park, et al. From the numerical model we can identify five mechanisms that influence strain transmission: 1) local stiffening of the beam due to the adhesive and substrate, 2) induced bending due to the asymmetry in the composite beam section, 3) shear-lag through the adhesive layer, 4) local reinforcement in the beam directly below the adhesive and 5) dissipation of strain through the thickness of the silicon substrate. The first two mechanisms are strongly influenced by the relative stiffness ratio of the substrate and beam, E b h b /E s h s . Dissipation of strain through the substrate seems to be most strongly a function of the aspect ratio of the substrate, h s /l s .
DISCUSSION
The Bernoulli-Euler model only addresses the first two of Fig. 8 : Plot of strain as a function of z through the center region of the composite using both analytical and numerical models of a 785 µm thick silicon die bonded to a 9.4 mm thick steel beam using epoxy and subjected to an axial load. these mechanisms. However, for very thin beams under both pure bending and axial load conditions, these phenomena dominate the effective strain transmission. So, for very thin beams-when the relative beam stiffness ratio is less than 2-the Bernoulli-Euler model is sufficient (Fig. 9) . However, as the relative beam stiffness ratio increases beyond 15, then the stiffening due to the composite section becomes negligible, as does the induced bending in the axial load case, compared to shear-lag, local reinforcement of the beam, and dissipation of strain through the substrate. In this case, the single gradient shear-lag model is more accurate than the Bernoulli-Euler model (Fig. 10) but exhibits a weaker dependence of strain transmission as a function of the aspect ratio of the substrate than the numerical model predicts since this model does not include dissipation of strain through the substrate.
Finally, a partially trenched substrate is modeled using finite elements. This design is seen as a simple modification that allows isolation of strain from certain elements on the substrate, such as integrated CMOS, while enhancing the measured strain. The partially trenched substrate is shown to provide a modest enhancement in strain transfer which tends to increase as a function of trench depth but not length in the trenched region. For the particular configuration of a 520 µm thick silicon substrate with a 5 mm long trench that is 320 µm deep and is bonded with epoxy to a 25 mm wide, 6 mm thick steel beam has a predicted strain transfer of 115% of the applied strain. This compares favorably to experiments that show this configuration to exhibit 118% strain transfer.
CONCLUSION
We develop an analytical model of strain transfer from a beam through a finite bond layer and silicon substrate in order to determine the influence of the silicon substrate on measurement fidelity in a silicon MEMS micro-extensometer. The analytical model is shown to compare favorably to the finite element model over a wide range of substrate and beam geometries under both axial and pure bending load conditions, particularly when the relative beam stiffness ratio is greater than 15. The finite element model is verified against experimental data of strain transfer through silicon substrates bonded to steel using both tin-lead solder and epoxy. Based on these results, a partially-trenched silicon substrate is also investigated as an alternate means of locally enhancing the strain transfer to the micro-extensometer without compromising the ability of the substrate to act as part of the encapsulation of moving elements of the micro-extensometer from the environment. The partially-trenched substrate in bending is experimentally shown to generate strains that are 118% of the strain applied to the substrate-a 23% percent improvement over the equivalent unpatterned substrate geometry. 
